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Figure 1. Three Pools of F-Actin in Synaptic Spines
The upper panels are single computed slices through electron tomographic volumes of spines labeled for F-actin using phaloidin-eosin photo
conversion, from hippocampus CA1 (A) and cerebellar cortex molecular layer (B) (see Capani et al., 2001). Labeling is concentrated between
the lamellae of the spine apparatus (SA) and the postsynaptic density (arrowheads). Bundles of actin are seen traversing between these
entities (large arrow). In Purkinje cells, which have no spine apparatus, actin filaments fill the head and also can be followed between the
smooth ER and the postsynaptic membrane (large arrow). Diffuse staining for actin is also seen (asterisks). The stereo computer graphic
reconstruction in the bottom panel is of the CA1 synapse and shows actin bundles (blue) as well as the spine apparatus (yellow) and the
postsynaptic density (purple). These figures were kindly provided by Dr. Mark Ellisman.
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Exogenous cannabinoid ligands have been shown to be I-LTD. This suggests that the synthesized endocannabi-
noid 2-AG freely diffuses across the lipid membrane toinvolved in physiological processes as diverse as food
intake, anxiety, learning, and memory, but much less is act on afferent GABAergic (CCK-containing) boutons
that are known to carry large numbers of CB1 receptorsknown about the function of endogenous cannabionoids.
Components of the endocannabinboid signaling system, (Ha´jos et al., 2000; Katona et al., 1999). CB1 receptor
activation, in turn, is known to reduce GABA release, asincluding the lipid-derived ligands (anandamide, 2-ara-
chidonoyl glycerol, noladin ether), their synthesizing well as GABAergic IPSCs as described above. Cheva-
leyre and Castillo also showed that the CB1 receptor(e.g., phospholipase D, phospholipase A1, diacyl glyc-
erol lipase) and metabolizing enzymes (fatty acid amide antagonist, when given 10 min. after high-frequency
stimulation, has no effect, but when given 5 min after,hydrolase, monoglyceride lipase), specific receptors
(CB1 and CB2), and putative transporters, have been was still able to reduce the effect by 50%. This experi-
ment revealed a peculiar, and still unexplained, featurediscovered several years ago. However, the physiologi-
cal role of this lipid-mediated communication has just of the I-LTD phenomenon, i.e., that 2-AG has to stay
around for at least 10 min to produce a maximal reduc-recently begun to unfold, with the identification of an
endocannabinoid as the signal molecule mediating de- tion of IPSCs, a reduction that, in turn, becomes longer
lasting and independent of endocannabinoids.polarization-induced suppression of inhibition (DSI;
Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; Another important message of the paper is that al-
though DSI and I-LTD are both mediated by endocan-Wilson and Nicoll, 2001), a form of short-term modifica-
tion of synaptic inhibition. Depolarization of a postsyn- nabinoids, the mechanisms and mediators are different.
The latter was shown to be mediated by 2-AG in a Ca2-aptic pyramidal cell, resulting in a significant increment
in intracellular Ca2 concentration, triggers the release independent fashion (mGluR1/5-induced synthesis via
PLC and DAG-lipase), whereas the former is unlikely toof endocannabinoids, which can freely cross the lipid
membrane to act retrogradely on presynaptic CB1 can- involve 2-AG, since DSI was not affected by blocking
2-AG synthesis, but it is Ca2 dependent. Thus, unlessnabinoid receptors. Activation of CB1 receptors de-
creases GABA release (Ha´jos et al., 2000; Katona et 2-AG is released from some kind of stores during DSI,
the candidate for mediating this phenomenon is anan-al., 1999) via inhibition of Ca2 entry into the terminals
through voltage-gated N-type Ca2 channels (Hoffman damide or noladin ether, the synthesis of which may
be triggered by a large intracellular Ca2 transient. Aand Lupica, 2000; Wilson et al., 2001). This effect typi-
cally lasts for 5–30 s. Thus, depolarization of a pyramidal functionally important consequence of these differ-
ences is that the 2-AG-mediated reduction of inhibitioncell produces a short time window when inhibition from
a specific source is reduced and excitability is in- can be evoked in a feed-forward manner by afferent
stimulation, whereas DSI is induced by large intracellularcreased, an effect that has been shown to facilitate
long-term potentiation of glutamatergic synaptic inputs Ca2 transients that likely require burst-firing of the tar-
get neuron. A maximal reduction of inhibition could then(Carlson et al., 2002).
In this issue of Neuron, Chevaleyre and Castillo shed be evoked when high-frequency firing of glutamatergic
afferents coincides with postsynaptic burst firing, suchlight on another possible role for endocannabinoids in
synaptic plasticity, in this case inducing long-term (over as during classical Hebbian association. Thus, coupling
of pre- and postsynaptic firing may facilitate LTP forma-40 min) changes in the efficacy of inhibitory synapses.
The resulting increase in the excitability of pyramidal tion not only by increasing the probability of NMDA re-
ceptor activation, but probably also by inducing a maxi-cells is similar to those observed recently in the basolat-
eral nucleus of the amygdala (Marsicano et al., 2002). mal reduction of inhibition via a concerted action of two
endocannabinoids.High-frequency or theta burst stimulation in stratum rad-
iatum of the hippocampus was shown to induce a reduc- The differences in spatial and temporal characteristics
between these two endocannabinoid-mediated phe-tion in the amplitude of electrically evoked inhibitory
postsynaptic currents (IPSCs) measured in CA1 pyrami- nomena are also of major interest from a functional point
of view. The authors could readily evoke I-LTD by stimu-dal neurons, an effect that lasted for over 40 minutes.
The authors carried out a series of elegant studies to lation in the dendritic layers, but not in stratum pyrami-
dale, which can be explained by the lack of gluta-identify the sequence of molecular events responsible
for this phenomenon called long-term depression of in- matergic input to the perisomatic region of pyramidal
cells (Megias et al., 2001). Thus, not surprisingly, type Ihibitory synapses, or I-LTD. An associated increase in
paired-pulse ratio confirmed that I-LTD is expressed mGluRs, even if present extrasynaptically in the periso-
matic region, did not have a chance to bind ligand.presynaptically. By blocking ionotropic glutamate re-
ceptors or applying G protein inhibitors intracellularly in However, a large proportion of the CCK/CB1-expressing
interneurons are basket cells terminating in the periso-the recorded neuron, in parallel with occlusion experi-
ments using mGluR1/5 agonists, the authors demon- matic region (Katona et al., 1999), which may also un-
dergo I-LTD, if their CB1 receptors were activated for astrated that activation of postsynaptically located group
I mGluRs is the necessary and sufficient first step. This sufficiently long time. This may be possible either if
group I mGluRs present extrasynaptically near the somais followed by a phospholipase C (PLC)-mediated gener-
ation of diacylglycerol (DAG) that is converted to 2-AG region were reached by glutamate diffusion from the
nearest synapses (rather unlikely due to efficient up-by DAG-lipase, as confirmed by blocking I-LTD with
selective inhibitors of the two enzymes. AM 251, a CB1 take), or if members of the cascade downstream from
mGluR activation (i.e., PLC, IP3, DAG, DAG-lipase, orreceptor antagonist that does not act on the new CB
receptor that is selectively localized on glutamatergic the endocannabinoids themselves) were able to diffuse
to the perisomatic region. Future experiments could testboutons (Ha´jos and Freund, 2002), was shown to block
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these possibilities by recording perisomatic IPSCs while by different endocannabinoids, and (3) are spatially sep-
stimulating glutamatergic afferents in the dendritic lay- arated to some extent. One of them is DSI, which oper-
ers at various distances from the soma, or while activat- ates via an endocannabinoid other than 2-AG (possibly
ing mGluRs by DHPG. A considerable spread of 2-AG anandamide): it is initiated by neuronal firing in a Ca2-
in the extracellular space is unlikely, since the authors dependent manner and may act on GABAergic terminals
found no effect on inhibition even in the adjacent neu- located throughout the soma-dendritic compartment of
rons. The spatial selectivity of endocannabinoid action pyramidal cells (but perhaps more efficiently near the
on dendritic versus perisomatic inhibition is thus not at soma). The other is I-LTD, described by Chevaleyre and
all straightforward; selectivity appears to be determined Castillo in this issue of Neuron, which is mediated by
more by the pattern of CB1 receptor expression than 2-AG, evoked by activation of mGluR1/5 receptors, and
by the site of endocannabinoid release. The expression likely acts on GABAergic boutons located on the princi-
or lack of expression of CB1 seems to correlate with pal cell dendrites, near the glutamatergic afferent syn-
functional differences between subsets of interneurons. apses. In vivo experiments, or in vitro studies at physio-
For example, the electrically coupled ensembles of par- logical temperature, should reveal whether temporal
valbumin-containing basket cells that are responsible differences exist between I-LTD and DSI, as suggested
for the generation of population oscillations at high fre- by the present data of Chevaleyre and Castillo obtained
quencies do not carry cannabinoid receptors (Katona at room temperature, or whether the name I-LTD will
et al., 1999), thereby ensuring that the clockwork of have to be corrected to “short-term depression of inhibi-
rhythmic network activity will not be plastic. In contrast, tion,” for which we already have a term, DSI. Even if the
CCK-containing interneurons expressing CB1 receptors latter alternative turns out to be true, the existence of
on their boutons (regardless of whether they terminate two independent and distinct DSIs would be functionally
in the perisomatic or dendritic region) are modifiable not just as important.
only by endocannabinoids, but also by several other The implications of the findings for learning and mem-
local and subcortical signals/pathways that carry in- ory are also interesting, since a reduction of inhibition
formation about motivation, emotion, and autonomic certainly facilitates LTP formation. Chevaleyre and Cas-
control (for review, see Freund, 2003). Thus, CCK/CB1- tillo demonstrated that I-LTD may underlie E-S coupling
expressing interneurons likely provide a “mood-depen- potentiation, i.e., a persistent increment in the ability of
dent” fine tuning of inhibition that controls population an EPSP to evoke an action potential following high-
activity patterns and synaptic plasticity, and this is the frequency stimulation, and thereby facilitates the induc-
component of inhibition that is also modulated by endo- tion of LTP. The authors propose a spatially circum-
cannabinoid action. scribed but diffuse action, which correlates well with
The temporal constraint on endocannabinoid action earlier studies demonstrating a spread of LTP to syn-
in I-LTD versus DSI is another important issue. I-LTD apses as far as 50–100 m away from the stimulated
appears to be spatially more limited than DSI, since the glutamatergic contacts (Engert and Bonhoeffer, 1997).
latter was able to spread to adjacent cells (Wilson and It would be important to show whether 2-AG-mediated
Nicoll, 2001), whereas the former was not (Chevaleyre long-term suppression of inhibition plays a role in this
and Castillo, 2003). The action of any signal molecules phenomenon, and whether it occurs at physiological
is limited in space by diffusion parameters as well as temperatures. If it does, the impairment of learning and
by uptake and degradation. Thus, the question arises memory processes in marijuana/hashish smokers might
how 2-AG can keep stimulating CB1 receptors for over gain a new explanation.
10 min (otherwise it would not produce I-LTD), but it is
unable to diffuse even to the neighboring cell during
Tama´s F. Freund and Norbert Ha´josthis time. Obviously, hydrophobic molecules diffuse very
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of the transporters are highly temperature sensitive and
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